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SUMMARY 



Introduction 

In typical refrigerating systems, an expansion valve is the 
device used to meter the flow of refrigerant. The capillary tube 
posseesee certain advantages over the expansion valve, resulting in a 
considerable saving in lOEnufacturing cost. The capillary is not rated 
in conventional terms, however, and as a oonflequence a cut-and-try 
process of design has been used. 

The object of this thesis is a study of the flow process in 
the capillary tube, to permit a more straightforward approach to the 
design problem. 

Procedure 

The experimental apparatus was comprised of a typical open 
refrigerating system, with measuring instruments installed wherever 
specific data were needed, and control devices for setting the variables 
All runs were made in essentially the same munner, differing only in 
the setting of these variables. 

The first investigation was to determine the effect of two 
T€Lriabl©6, namely, the pressure differential across the capillary, 
and the degree of subcooling. Next, dineneional aria lysis was applied 
to the capillary tub©, in an attempt to determine the effect of other 
variables and simplify the test procedure. Finally, an investigation 
of. the two flow processes in the capillary tub© was moda. These are 
the flow process from tube entrance to flash-off, and from flash-off 



to tub© exit 
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ResnltB 

The principul result wae the discoverj^ that the average 
friction factor, computed fro® the pressure drop due to friction and 
the arerage apeoifie volume, eee approximately that indicated from 
a plot of Rayrolds number veraue friction factor for drawn braea tub- 
inf« the parameter of Reyzu)lda number used in this aelection was 
computed from the liquid viscosity of Freon at the average refriger- 
ant temperature maintained through the tube. 

Conclualone 

A method is presented for determining the correct length 
of an adiabatic capillary tube for use as a metering device in liquid 
refrigerant control This method is based on the conclusion that the 
friction factor is approximately constant over the entire length of 
the tube, and can be selected from a plot of Reynolds number versus 
friction factor for tne appropriate tube roiighnees factor. The desired 
flow rate| end conditions, and friction factor for the capillary tubing 
to be used, must be selected. T^ie correct length is then computed from 
the equations given in the ihfcit. A sample calculation is available in 
the Appendix. 

Recommandationa 

The exact point of flaeh-off in the capillary tube should be 
determined more acciurately. Therefore, it is recommended that a more 
accurate teap>erature or pressure measuiug instrument be installed. In 

I 

addition, the accuracy of data would be improved by the installation 
of devices to measure more accurately the power input, to obtain a 
cheek om the mass rate of flow, and to eliminate the slight variations 



is disobarge prestura is tba preaant axpariiAentaX apparatus « 

For futura israstigatios, a further study of the effaot of 
inor easing tba pressure differential across the tuba should ba aada* 
This could ba foUowad by asking taste vitb dlffareat lengths of tubas 
to datarmina the affect of L/D ratio, and to proaida a ehaek on tha 
aaalyais praaantad for tha six foot tuba in this thaaia* 
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UfTBODUCTIOM 

The capillary tube as a liquid metering device has become 
very popular within the last few years, especially eince the advent 
of the freon refrigerants. Today every manufacturer of domestic refrig- 
erating systems is using, or is contemplating the use of capillaries to 
the exclusion of all devices previously used for metering the flow of 
liquid refrigerant, and the same is beginning to be true of smaller 
else oomaercial systems. 

A capillary tube is a marvel of simplicity. Liquid refrig- 
erant at high pressure flows into one end and expands down to evaporator 
pressure. The function of a capillary is to provide a restriction 
between the high €uid low pressure aides of the refrigerating system. 

In so doing, it meters refrigerant at the desired rate of flow. A 
capillary has no moving parts, nothing to wear out, and is no more 
difficult to install than a section of liquid line. 

Another advantage offered by the capillary tube, in a refrig- 
erating system using a hermetically sealed compressor, is that it allows 
the highside pressure to unload or balance out with the lowside pres- 
sure during the "off cycle*, and thus permits the compressor to start 
in an unloaded condition. This unloading or balancing of pressures 
during the off cycle prevents the continuous storage of high pressure 
liquid, and hence effects a reduction in refrigerant requirements by 
reducing the gas charge to an absolute minimum. It is evident, there- 
fore, that the use of a capilieiry will result in e considerable saving 

I 

in manufacturing cost. Rot only will the cost of an expansion valve, 
highside float, or other similar metering device be saved, but other 
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SATinga such as a reduced refrigerant charge, eliiQinatlon of a liquid 
receiver, use of a less expensive motor, elimination of a compressor 
unloading dervice and simplifi cation of the electrical system maj like- 
wise be effected. « 

The field of application of oapillaries so far has been rw- 
atrlcted almost entirely to domestic refrigerators, and home freezers 
using factory assembled bermetio units. The reasons for restricting 
its use to such systems are that successful operation of the capillary 
requires : 

1. The continuous maintenance of an aocurste refriger- 
ant charge over the entire life expectancy of the 
system. Since the gas charge is reduced to an 
absolute minimum, any leakage will eoon make the 
system inoperative. 

2. The maintenance of high standards of internal cleanli- 
ness and dehydration. Due to the small bore of the 
capillary it may be easily plugged by sludge, ice, etc. 

Most engineers know, in a general way, how capillaries work. 

It is an obvious statement of fact that to inoreass flow, for example, 
it takes a larger bore, a shorter length, or a higher press^are differ- 
ential across the tube. This statement just about tells the story of 
what capillaries are and how they work, but it does not give design 
information in specific terms by which capillaries can be analysed, 
rated, or applied. For example, engineers in commercial or industrial 
practice can select a compressor for a certain Btu rating, coils to 
match the compressor which are rated in Btu per hour at a certain 
teaperatiixe difference can then be obtained. Then expansion valves, 
controls and various other accessories are selected. These are all 
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standard pieces of aquipaent that are carried in stock. Each carries 
its individual rating — in tons, Btu p«r nour, or horsepover. Capil- 
laries, however, are not rated in conventional teras. In purchasing 
a capillary tube the engineer buys the material only, and It is up to 
hi» to laake it work. If the tube fails to function properly, it can 
be shortened end another trial r&ade. After several attempts at this 
cut and try process, he nay be fortunate enough to find a workable 
capillary. 

The purpose of this thesis, then, a study of the flow 
process in the capillary tube, to permit a more etraightforwarti 
approach to the problem of designing a workable capillary. 

A capillary tube test set-up had been prepared in the Refrig- 
eration Laboratory of the Slaesaobueetts Institute of Technology by 
Sanford Klion and Edward Hanley. It consisted of a Chrysler Airtomp 
high speed condensing unit, with automatic discharge pressure control | 
a primary refrigerant calorimeter; and a 6 foot length, 0.055 inch 
diameter capillary. The capillary tube was completely insulated, and 
tneraocouples aoxmted at short intei^als along its length to study the 
temperature distribution. A complete description of this apparatus can 
be found in the Master of Science thesis by Klion and Hanley at the 
Massachusetts Institute of Technology. 

In addition to the above equipment, an oil separator was 
added to the system to prevent the circulation of oil with the refrig- 
erant through the capillary. Also a water bath heat exchanger with 
aqusstat control was installed at the entrance to the capillary to pro- 
vide a means of controlling the temperature of the refrigerant at this 
point. 
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PSOCEDORt 



T>»t Prooidur# 

Totting a oapiUary ttib# inTolTte oontxol of th« InXot oon- 
ditioafi of the refrigerant and of the refrigerant rate of floe through 
the tube* Data suet be obtained on the etatee through which the refrig- 
erant i^eseB aa it trararaee the tube* Theee atatee ahould be obtained 
at oloae interrals along the tube in order that a oonplete pioture nay 
be obtained of the prooeas in the tube* 

Control of the inlet conditions InToleee regulatlcm of the 
preaaure and t^aperature of the refrigerant ae it enters the tube* 
Control of the refrigerant rate of flow for any tube of given length 
and diameter involTea regulation of the pressure differential aorose 
the tube^ as well ae regulation of the auDcooling at ixilet* Soee neana 
nuat be provided for neaaurMent of the refrigerant flow rate* 

In the aet-up for this thesis i 

1* The inlet pressure was controlled by an automatic 
pressure regulator for the inlet eater to the con- 
denser* 

2* The inlet temperature was controlled by a thermo- 
statically controlled conatant-temparature bath. 

The outlet pressure was controlled to some extent 
by oompreseor speed and evaporator load* 

4« The refrigerant flow rate was measured by e primary 
refrigerant calorimeter^ and checked by the oondeneer 
heat tranafer* 

5* The inlet pressure was measured by pressure gage* 
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6* The atetea of the refrigerant along the tube vere 
determined by temperatuie niMieurements with copper* 
oonetantan thermocouplee. 

7. The outlet pressure wae okeaeured by preeeure gage. 

8. The effects of neat transfer along the oapillary 
tube proper were oinimiaed by insulating the tube 
thorooghly with santoeel. 

Thesis Procedure 

The original intent of this inwestigation was to find some 
method of saking the application of capillary tubes to liquid refrig- 
erant control a straightforward engineering problem to be solwed by 
direct mathematical or empirical means , and preferably by uaequiTocal 
design charts reqxiiring a minimum of knovledgs of the c<»tplexities of 
capillary flow. The first ocmsidsratiom was giwen to the ascertain- 
ment of the effect of those wariables thought to hawe the greatest 
sffeot in refrigerant control, and an attempt was made to delimit the 
capillary flow process entirsly In terms of these Tariables. For the 
first runs the inlet pressure and the compressor speed were fixed, 
while the calorimeter load and refrigerant subcooling were allowed to 
wary. Straight design chart methods were then applied to the effects 
of pressure differential and refrigerant suboooling on the refrigerant 
rate of flow. Such methods quickly prored impractical, because of the 
obrious effect of other wariables. 

The next step was an attempt to apply dimensional analysis 
methods to the orerall flow process. Conditions were allowed to wary 
with an Intentional randomness. Dimensional analysis, however, could 
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not be applied satisfactorily becease of the lack of a sxifficient 

range of data. 

finally the inTestigation narroived itself down to an exaaina- 
tion of the flow process within the capillary tube itself. This exami- 
nation was in two parts: the flow process up to tre flash-off point; 

€ind the flow process after tne fiash-off point. When the trend of the 
investigation became apparent, pressure differential and eubcooling 
conditions were controlled aethodicaliy, and as closely as the inherent 
limitations of the apparatus would permit. Several rune were aade at a 
higher discharge pressure, to effect a considerable change in the pres- 
sure differential; and with different amounts of subcooling and calorime- 
ter load, to obtain varying rates of refrigerant flow. The last three 
runs were made at the original discharge pressure, but with e such 
higher compressor spaed. 

Kvaluation of Data 

Despite the apparent adequacy of the number of thermocouples 
used on the tube, and despite the seeming logic of their spacing, the 
greatest difficulty encountered in this investigation was the deter- 
mination of the exact point of flash-off for any one run. In particu- 
lar, when subcooling was held to a small aaiount and fl&sh-off took 
place nearer to tne tube inlet than at other times, the wide spacing 
of the first few tnermocouples necessitated considerable guessing at 
the location of flash-off. IShen subcooling approached the other extreme, 
the flash-off point could be located reasonably well, but the data on 
the flow process after flash-off became too sketchy for a good analysis. 

One other drawback in the evaluation of data was the failure 



of the condenser check on refrigerant rate to agree as closely with 
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tbs eslorlJMtsr dstsralnstion as ahould b« szpsctsd fro« this typ* 
of hast balane*. 
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BESOLTS 



1* The flow nt# in e MpiUax^ tube increeaee epprexlutely linearly 
with an inereaee in the degree of eubcooling at the tube entrance^ 
ae ehom in Figure 1* 

2* The floe rate inereaeee vith increased pressure differratlal 
aeross the tube^ also sboen in Figure 1« 

3« Figures 2, 3p and 4 shoe the temperature and pressure distribution 
al<»:tg the oapillgry tube, when subcooled liquid entere the capil- 
lary* From tube entrance, at point 1, to flasb-off, at point 2, 
the teaperature is constant snd the pressure drop linear* From 
point 2 to point 3$ at the tube exit, the pressure and temperature 
drop is not linsar* 

4* The refrigerant is entirsly in the liquid state from points 1 to 
2, and the flow process follows fsailiar etraight pipe equations 
of hydraulics* The friction factor and Reynolde number computed 
from these equations appear in the table of results* 

5* From points 2 to 3# the peroentage and Toluae of trapor increases 
in the direction of flow* The quality and specific toIxomi of the 
wapor at the tube exit are tabulated in the table of results* 

6* Tbs flow process in section 2-3 of the tube is s compressible flow 
of liquid and Taper and follows the aomentun equation* The fric- 
tion factor aad pressure drop due to momentum were calculated from 
this equation and may also be found in the table of results* 

7 * The preseure drop due to friction is from 2 to 3 times the pressure 
drop due to momentum change for the entire capillary, with subcooled 
liquid entering the tube* 
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Th« ini«frat«i arermf# spaolTio volune for th^ aatiro capillary 
WM found to ba roughly tvioa that for Motion 1-2^ for tha nma 
oaleulatad. 

9* Tha araraga friction factor, ooaputad froa tha preaaura drop dua 
to frietion and the araragc apaoific Tolusa, vaa approxiaataly 
that indicated froa a plot of Raynolda nuabar Taraua friction factor 
for drawn braac tubing. The paraaator of Raynolda nusbar waa oalou- 
lated froa tha liquid ▼ieooaity of Fraon at the araraga refrigerant 
tnparature through the capillary tube. 

10. There ie a definite drop in preasure and teaparature froa the tube 
exit to the araporator. This drop was generally froa 12 to 15 
degrees fahreoheit. 

11. Due to the large nuaber of rariablea inrolred in the flow process 
of the oapiUary, diaeuional analysis was applied, but the data 
did not oorrer a wide enough ratnge to show any significant trends 
of the dimensional n\iabars arriwad at. 
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DISCOSSIQg OF RJSi’LTS 



The effect of eubcooling for a given pressure entering the 
tube le seen to have a very sierksd effect on the floe rate. The 
inoreeae In floe rate with subcooling over tne range of values covered 
in the teats was approximately linear as shown In Figure 1 of the 
resttlta. However, it is believed that this linear relationship applies 
over a limited range only, that la, at very high degrees of subcooling 
the increase in flow rate will not be as great as shown in these curves 
The reason for this increase in flow rate with subcooling may bo ex- 
pTwined as follows. If liquid at saturation temperature enters the 
capillary it will begin to expand, forming flash gas right at the 
entrance, which increases the restriction to flow. If, however, the 
liquid is subcooled oelow its saturation temperature, xt will travel 
for some distance t'nrough the tube before tha flasn gas starts to fora, 
and, consequently, there will be less restriction to flow. 

The effect of increasing the inlet pressure is also shown in 
Figure 1, the flow rate increasing with increased pressure differen- 
tial across the tube. This is also well illustrated by reforecce to 
test runs Ho. 5 and U in the table of results. These runs were made 
at approximately the eaiae number of degrees of subcoollng and evaporator 
load, but run Ho. U was made with a 21 psi greater pressure differen- 
tial. For this 32 per cent increase in pressure difference the flow 
rate increased by 0.058 pounds per minute, or 7 I/4 per cent. 

With subcooled liquid entering the capillary, the pressure 
and temperature distribution is as shown in Figures 2 , 3 , and 4. These 
plots were made with a saturation temperature scale corresponding to 
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both th. Ctur.tc li,nid cd ct«r.tod mpor pbo... .r. prcct, „ 
tet th. tepetur. cd prcuur. .r. both r.pr..ct<Kl br . .ingl. 
lino c th. plot. Th. pcocu,. of epor inorcoin, in th. dirction 
of fie r..ult. in uentun ohoniM ohioh cuo. th. non-liner rcio- 
tic in pr...ur. in Ci. .etic of th. tub.. Th. .breh. rtforrc to 
in the. oure. i. th. edde peeur. ond tcp.r.tur, drop Ju.t nfte- 
th. fl.u«ff nt 2. Th.ro i, no losiel .xplcuttc for thi. edde 
hrop bp ualyoi. of th. eetione of flon. Th. nonctun euntic 
indicu. thnt th. preer. dtff.r.nti.1 .hould Inoree fro. hor. to 
th. »1 of th. tub., nhioh it dc. e„ th. Inter port of th. ere, 
but dc. not cooct for th. .breh.. otbor .npcincUr,, lnol»lin, 
BoUcd cd lordc, obfinC cooth ou^e for thi, e»tc, it i. 
bolioTC, thefoe, thot tb. ere. nr. .liphtly i„ cror .t thi. 

Pnlnt. Thi. nnp b. du. to .oe bet trefe .long th, tub.. 

Tho einbntio flo. preen in th, cpllUrp tuC i, reUp 
•>4. up of t.o pr«.ee. fc ieth.e.1 turbulct fie up to th. 
fleb-off elnt, Cd th. flehinj flo. of ll,.ld ,nd epo, fre th.r. 
to th. cd of th. tub.. The. t.o proo...„ .et e oc.idce epn- 
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rat^ly in anal/xing the flow through tho capillary. 

For the isotheraal turbulent flow process in section 1-2 of 
the capillary where the refrigerant is entirely in the liquid state, 
the flow follows the well known straight pipe equations. The friction 
factor way be computed from the Fanning equation in the following form. 



g D (Pi-Pg) 
“^ 1-2 “ * , -2 , 
^ h-2 ° 



( 4 ) 



The friction factors, thus computed, appear in the table of results. 

A rather wide variation in these values may be noted. It is believed 
that the reason for this variation is in the determination of the length 
to the flash-off point. Temperature and pressure lexigth curves, similar 
to those shown in the results, were drawn for each test run to determine 
this quantity. In discussing these ciirves above, however, it was noted 
that they are slightly in error in this region. In addition, the 
thermocouples were spaced at from two to three inch intervals in the 
vicinity of the flash-off, and with the potentiometer available could 
not be read closer than a half a degree Fahrenheit. Therefore, the 
exact determination of this flash-off point was impossible. 

The friction factor is known to be a function of the tube 
roughness and Reynolds number. The latter may be calculated for this 
ssetion by: 



GD 



^1 



( 6 ) 



These values are also tabulated in the results, and show that the range 
covered was very small, all these numbers being between 2.0 I 10^ and 
2.7 X 10^. Ref«*ence to a plot of Raynolds nuabar rersus friction factor 
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fpr drawn braa# tubing shows that the rnlue of friotion factor for this 
range should b« of the order of 0.006. Thw valuee calculated arc con- 
siderably lower than this, which indicates that the flash-off occurrsd 
closer to the entrance of the tube than was found from the temperature 
awi presstire wersus length plots. Eliminstion of the ■break* in these 
plots by drawing a smooth ourwe from the low pressure end back to the 
linear part of the pressure drojp line over section 1-2 of the tube, as 
suggested above, would give a much better approximation to where the 
flaeb-off actually occurred. 

The second process in the capillary is of a imicb more compli- 
cated nature, being a flashing flow of liquid and vapor from points 2 
to 3* From the steady flow energy equation the following formula can 
be developed for finding the quality of vapor present at any point 
beyond the fiash-off where the temperature is known. As written below 
it is between points 2 and 3, but it is equally valid between point 2 
and any other point along the tube in the direction of flow. 



The temperature at point 2 being the same as at the tube entrance for 
adiabatic flow in the capillary, a knowledge of the end conditions 
only are necessary to taake this calculation. The quality at the tube 
exit was thus calculated for each Lest run. These values range from 
approximately 15 to 20 per cent. 
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The epecific voliaie at the tube exit was computed by this equation and 
appeare in the table of results. If temperatures are known at several 
poimta between point 2 and 3> similar calculations can be carried out 
for these points and the therfflodyiiaaic state path of the two phase 
flew axaotl/ datermizied. 

The simple straight pipe equations for deteriaining flow rata 
do not apply to this two phase flow. As fflontioned above, pressure drop 
In this section of the tube is not caused by friction alone, but both 
by friction and by aiomentum changes in the fluid. The aquation govern- 
ing flo^ for this second section of the tuba is the momentum equation, 
which takes account of both these factors. Its application between 
points 2 and 3 of the tube yields the following formula. 





(P2 - 



(15) 



The integral on the left hand side of this equation must be 
evaluated graphically. That is, the quality is determined at short 
intervaLls along the tube between points 2 and 3 by means of equation 
(11). The corresponding specific volumes are then readily calculated 
and plotted against length from the flash-off point, and the area under 
the curve obtained by means of a planimeter. I?ith the value of the 
Integral thus determined, the friction factor for this section of the 
tube nay be readily calculated. Reference to tne resxilts shows these 
values computed for several of the runs. A variation is again evident 
and the values are all high, which nay again be explained by the flash- 
off point being taken too far from the tube entrance. 

Having analysed both sections of the tube and naving found 
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equations which govern the flow rates, the entire tube was now atudiad 
in an attempt to bring these equations together. In this Bianner equa- 
tions for designing capillary tubes were arrived at. Since the pres- 
suire drop in the tube is a combination of friction and aioaientua, the 
first step was to determine how much of the total pressure drop was due 
tp momentum change. This was found by applying the momentum equation 
without the friction term. 



It may be noted bare, also^ that a knowledge of the end conditions 
only are necessary to find this quantity. 



the total pressure differential across the tube gives the pressure drop 
which is due to friction. 



These three pressure drops are also tabulated in the results. The 
pressure drop due to momentum was between 20 and 30 psi for all runs 
except No. 2* 



for section 2-3 of the tube in order to evaluate the integral in eqtia- 
tion (15) f this same plot was used to find the average specific volume 
for this section. Since the specific volume in the first section is 
constant, the average specific volijmie for the capillary tube is given 
by: * 



AP, 




(15«) 



Subtracting this preesura drop due to mcMcentum change from 



APf = AP^ - AP„ 



( 16 ) 



Having constructed th. plots of specific volmse voreus length 
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Equation (4) aay now b« applied to find the average friction 
factor for tne capillary- 



g BAP^ 

f 55 =- 

av. ^ 



2L r 



(4&) 



av. 



The average friction factor thua deterzsined depends on the 
length to flash-off only to the extent of determining the average 
specific volume in the tube. It is only near the end of the tube^ hev- 
ever, that the specific volume begins to increase appreciably* A con- 
siderable error can be made in determining where the flash-off occurs, 
therefore, with only a slight effect upon the average specific volume. 
This average friction factor, then, can be considered the most accurate 
of tne friction factors calculated. The reavilte show that the varia- 
tion in this quantity is not too great, and is of the right order of 
magnitude for drawn brass tubing at the specific Reynolds number. 

Since these average friction factors check closely, a method 
of designing capillary tubes aay be arrived at by making the following 
assumption. The friction factor remains constant over the entire 
length of the tube, and is a function of the Heynolda number calculated 
fr<m tne liquid viscosity at the average temperature of the refrigerant 
in the tube. 

There may be some question as to the justification of using 
the liquid viscosity for computation of Reynolds number for two phnae 
flow, ax«i thus the parameter of Reynolds number for such flow could 
be open to question. However, a study of the test results ©hows such 
an assumption to be not far from the truth. For example, considering 
ajay one of the test runs where the average friction factor was calcu- 
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lat«d| if this ATorage friction factor be applied to section 1-2 of the 
tube the correaponding length to flaah-off My be fooxui froa eqiiatioD 
(4)* Thia affeeta the oalculations of section 2-3 only to the extent 
of inoreaaing the area under the cuxre of specific Yoluae Tersua 
lengthi thus increasing the Talue of the integral in equation (13) • 

The end points 2 and 3 hare not been affected. Increasing this integral 
naturally loeers the value of friction factor for section 2-3 of the 
tube^ aisd in every case vill bring it nearly into agreeeent with the 
average friction factor. This ahows that the factor is approxiaately 
constant. 

This assumption does not deny that gas is formed in the tobe^ 
but merely means that liquid refrigerant remains in contact with the 
capillary tube mall over the entire length of the tube, is stated 
ebovei it ia only near ths end of the tube that the volume of gas 
increases appreciably^ so that frcm this standpoint^ alsO| the assump- 
tion seems well justified. 

To summarise^ there are only two factors which mould ohanga 
the frictional effects in the last part of the tubes first, the drop 
in temperature, vhioh increases the Tlsccsity of the refrlgeranti and 
second, contact of gas with the tube mall, which daereaaes the viscosity 
of the refrigerant. The first factor may be taken into consideration 
by using an average temperature in determining the viscosity | the 
second may be aasumed negligible by reason of the discussion above. 

Baaed on the foregoing, the following procedure may be 
followed to determine the correct length of capillary tubing for a 
given flow rate and eat of entering and leaving conditions for the 
tube. It is well to note here that the evaporating temperature vhioh 
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is to be held the systea is not the saae as the teaperature at the 
tube exit. The data obserred ahov that there is a sigaifieaat drop 

I 

in pre 80 \u*e, and hence in teaperature, froa the tube exit to the 
eYaporator. This teaperature drop vaa apporoxiaately 12 F for an 
entering pressure of 110 peia, and 15 F for an entering pressure of 
135 psia. The teaperature at the tube exit oaay then be determined by 
adding the appropriate ralue to the eraporating temperature. With this 
temperature determined, the quality at the tube exit is calculated by 
equation (11) i and the specif io Toluae at this point is readily found. 
Squation (15*) may noa be applied to find the pressure drop due to 
a<»sntua^ and subtraction of this quantity froa the total pressure drop 
across the tube gires the pressiire drop due to friction. The Reynolds 
number is oaloulated from the desired floe rate and viscosity of liquid 
Freon at the average refrigerant temperature. The friction factor may 
then be obtained from a plot of Reynolds number versus friction factor. 
The tube rooghness for the capillary tubing used must be known to make 
this selection. In this thesis restrictor tubing was used, and the 
friction values checked closely with those for drawn braas tubing. 

lext the average specific volume must be determined. This 
is the only difficult part of the calculation. To date, no equation 
has been worked out that will accurately determine this quantity. The 
curve obtained by plotting specific volume against length from flash- 
off may be found in ths appendix for run Ro. 15* Similar curves were 
obtained for all the other runs for which the average friction factor 
was calculated. These curves were plotted on logarithmic paper to 
determine whether they following an exponential form of equation, but 
with no success. A rough value may be found from the following relation. 
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This Talu© checked against those obtained from the plots with 
no greater than 10 per cent error. 

All the values in equation (4a) have now been eeleoted or 

r 

determined except the length and diameter of capillary tube, A standard 
bore capillary may then be selected and the required length computed. 

If this length is unsatisfactory for the particular application desired, 
the following formula developed by L, A, Staebler giving the relation- 
ship between bore and length for equivalent Tlo^ capacities :say be used 
to find trie length of other standard bore capillaries for the saae flow 
rate. 
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A derivation of the equations discussed in this sectlcm nay 
be found in the discuBsion in the appendix. Also a ccmplete aet of 
caicuiatioas illustrating the use of these equations in deteraining the 
results, and in calculating the required length of capillary tubing aay 
be found in the saople calculations in the appendix. 

Because of the large nuaber of variables involved in the 
capillary tube flow process it would require itmuaerable tests to 
determine the effect of these variables separately. For this reason 
dimensional analysis was applied to the problem to simplify the test 
procedure. Four dimensional numbers were determined, which are listed 
below. 
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Upon fiP8t ins poet Ion it aay appo^r that the taportant rarl- 
able of aubooolixkc is not included in this analyeie* It is taken into 
account, howasrer, by the ratio of P^/P2* saturated liquid enter* 

log the tube this ratio is unity. As the degree of suboooling increases 
the ratio increases proportionally* 

Since the tine required for each test run vas trom fire to 
six hours, insufficient runs vere siade to apply this analysis effec* 
tirely. Only one tube vas tested, vhioh eliainated any variation in 
the L/D ratio* Also this linitation to one tube held the Reynolds 
number range covered to a small interval, as vas discussed earlier in 
this section* Tvo discharge pressures vere used, but again no vide 
variation vas obtained. Therefore, the analysis could not be applied. 
Bovever, it is believed that if Buffioient data are obtained, the 
above analysis, or one similar to it, vlll aid in bringing all the data 
together to give a more complete uzideratanding of the process. 
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COKCLOSIONS 



1. fhm pfTdsaxire and temperature dlatribution currea. Figures 2, 3# 
and 4f are alightl/ in error in the region of th© indicated 

. flaah-off point. A smooth curve frcmi the linear pressure line of 
section 1-2 to the end of the tube will give a much closer value 
of the true flash-off length. 

2. This adjustment of flaah-off length will bring the friction 
factors for both sections of the tube into very close agreement 
with each other, as well as with the average friction factor 
calculated for the entire capillary tube. 

3. The average friction factor was not affected by the error in 
determination of flaah-off length, and is considered an accurate 
result. 

4. The friction factor, therefore, is approximately constant over 
the entire length of the tube, and can be selected from a plot of 
Reynolds number versos friction factor for the appropriate tube 
roughness factor. The parameter of Reynolds number used in this 
selection is to be computed from the liquid viscosity of Freon at 
the average temperature maintained in the capillary tube. 

5. Having selected the desired flow rate, end conditione, and fric- 
tion factor for the capillary tubing to be used, the correct 
length of capillary may bo computed from the following equations: 
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A coapiete list of the syiabola ueed in these equations mny be 
found in the appendix. The equation for finding the average 
specific Toluae is only a rough approaiaation, and limits the 
accuracy of the calculation. This equation was checked against 
the integrated average specific volumes in the results with no 
greater than 10 per cent error. 

6. Further study of the problem and the application of dimensional 
analysis may provide a means of accurately determining the average 
specific volume. The design of the capillary tube could then be 
made within the accuracy desired. 
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REC(»KEin>ATIOilS 



fiqtdpMcit 

1. In ardmr to doWraino the exact point of flash-off in the capil- 
larji a more aceorate teaperature or pressure aeaaurlng instruaent 
aust be installed* Pressure measuring derices which aa/ solve 
this problea are strain gages* These could be mounted along the 
tube at various inereaents of length much the saae as the therao- 
couplee* However, they would be subject to the limitation of this 
spacing, and would have to be spaced very cloee together for a 
true deteralnatioa of the flaah-off point* A better solution to 
this probl», if the mechanical details can be worked out, would 
be to aount the capillary inside a larger bore tube. Within the 
annular space between the tubesi a resistausce thermometer would 
be mounted in such a way that it could be moved along the capil- 
lary tube* This would permit the taking of teaperature observa- 
tions at aa many points as desired, and, in particular, a *seeurch* 
of the tube could be made in the vicinity of the flaah-off point* 

2* To improve the accuracy of the primary refrigerant calorimeter, an 
integrating wattaeter, or watthour meter calibrated for the blade 
heater resistance should be installed in the systea* A varlae for 
power input control would also be an improvement over the present 
rheostat control. 

3« It would be desirable to have a check on the mass rate of flow 
other than the condenser balance. This could be accompliahed by 
the installation of a rotameter, calibrated for use with Freon-12, 
in the ayatea. 
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4* To eiininAte th# alight ▼ariationa in diaeharge praaaure in th« 
praaent set-up, a throttle TalTe on the high preaaure side of the 
ayatoA, vith the poaeibility of by-paaa to the low pressure side 
la reocnended* 

rutTire InTeatigation 

1. Tfie effect of Inoreaeiug the pressure differential across the tube 
has been ahoen. Howefver, due to the lack of time, inyestigatlons 
were made at only two discharge pressures, namely, 100 and 120 
pounds gage. Further tests at discharge pressures of 80 and 140 
pounda gage should permit the exact effect of this variable to be 
determined. 

2. Reatriotor tubing in 5, 4, 3, and 2 foot lengths is available in 
the Refrigeration and iir Conditioning Laboratoriea. Investigation 
of these tubes would determine the effect of L/D ratio, and provide 
a cheek on the analysis presented here for the 6 foot tube* 

3* finally, if the method nerein presented is found to give accurate 
results on these tubes, a mathematical determination of the curves 
of speeifio volume va. length for section 2-3 of the tube should be 
worked out. This would permit the design of an adiabatic capillary 
tube to the desired degree of accuracy* 
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SUPPLBigiTARI IMTRODUCTICT 

The ultimate object of this theeia mas to determine and 
present a method for selecting the proper capillary tube for liqtiid 
refrigerant control in an open refrigeration system* i relationship 
betmeen the bore and length of a capillary tube mas available in an 
article entitled "Theory and Use of a Capillary Tube for Liquid Refrig- 
erant Control" written by L. A* Staebler. vThe relationship is useful 
for obtaining the relative lengths at various bores of capillarias 
necessary for equivalent flow capacity. Consequently, for this study 
it seemed appropriate to select capillary tubes of varying lengths 
but with a constant diameter. Five capillary tubes with a diameter 
of 0*055 inches and varying in length from two to six feet were avail- 
able* The six foot tube iiad already been installed in the experimental 
system* 

At the outset, the intent was to begin the experiaental work 
with the six foot tube. Vhen sufficient data were obtained fro® this 
tuba, tha five foot tube was to be installed. This process of chang- 
ing tubes was to continue as time and completeness of data permitted. 

Tha experimental apparatus comprised a typical open refrig- 
erating system with measuring instruments installed wherever specific 
data are needed. The individual pieces of equipment embodied in the 
ayatem are as follows: 

1. A Wastinghouae 1 l/2 HP, compound wound, DC electric 
motor with stcnre resistance box and field rheostat. 

2. A Chrysler Airtemp high-spread, four cylinder, radial 
compressor. 

3. An oil separator. 



4* A 14 tube, horizontal, concentric oondenacr, Boonted 
in an insulated sheet iTietal box, with cooling water 
flow through the internal pipe and refrigerant 
counterflow tiirough the annular space. 

3* An electrimatic water control Talre for condenser 
cooling water flow regulation to eaintain any 
desired condenser refrigerant preaeia*#. 

6. A 25 pound capacity reeelTer* 

7. A water«-refrigerant heat exohanger equipped with 
an aquastat to control aubcooling. 

8. A sight glass to cheek liquid refrigerant condi- 
tions at capillary tube inlet. 

9. The capillary tube, sealed within an insulated ply- 
wood box. 

10. A prijoary refrigerant calorimeter with two rertical 
heating elements, to determine the eraporator load. 

11. A wattmeter to o^easure the electrical power input. 

12. A rheostat to control elcotrioal power imput. 

13* Sewen pressure gages* 

14 • Forty-seren copper-constantan thercocouples axid a 
potent iomet er • 

15* A condenser water measuring tank and scales. 

A c(»plete description of the apparatus as well as a ache- 
matio diagram is arailable in an 8.M. thesis by S. glion and E. Baxiley. 
Photographs of the existing apparatus are shown on the following pages. 

The experimental apparatus permitted the variation within 
limits of three factors, namely the speed of the oompressort the energy 
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input and therefore the evaporator load, and th« dlacharge pressure 
of ttio compressor. There was no definite startinf point for the 
obtaining of data. The work done by Klion and Hanley consisted prin- 
cipally of determining the pressure -length ourres for each of their 
runs. In addition they obtained the refrigerant flow rate at one 
inlet pressure but at varying caiorineter loads and compressor speeds. 
Their plots indicated the trend of the flash-off point, ilthough the 
eyetem originally bad a water-refrigerant heat exchai^er to control 
the subcooling, Klion and Hanley had no success with it and made all 
their runs without any control over the degree of subcooling. 

In typical refrigerating systens, an expansion valve is the 
device used for metering the flow of liquid refrigerant. The proper 
site is salectiKJ from tables prepared by the manufacturer. To select 
an expansion valve for any particular system, these tables are entered 
with the value of the desired pressure drop across the valve and the 
value of the maximum tonnage of the system. Their intersection in the 
tables indicates the proper siaa of expansion valve necessary for that 
particular system. 

Accordingly, for this study it was decided to make the runs 
at two inlet tube pressures, at two compressor spseds, and at varying 
evaporator loads. From the initial runs, the correlation of data 
indicated that the degree of subcooling had a direct effect upon the 
refrigerant flow rate. Consequently, changes were made to the original 
heat exchanger for controlling the subcooling. The restilt was the 
ability to control tho suboooling within one degree. 

The many variables, dependent as well as independent, involved 
in the problem made it neces:.sary to make all the runs on only one 
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capillia*y tuba. Correlation of the data indicated that a definite 
introduction had been made in the study of the flow processea in a 
capillary tuba. 
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H«at Exchanger for Subcooling Control 



FIGURE 7 
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Capillary Tuba InatallatioD 
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DETAILS or PROCB33UR1 



Thia thasia is a continuation of an invest Igat ion of the 
obaxacteristios and anal/ela of oapiUarx tubes for liquid refriger- 
ant control befun bj Sanford Uion ax^ Sdeard Hanlej. The apparatus 
used in the present investigation vas originallj set up by Klion and 
Banley. SoM aodif ications in the original squipaant vere found neces- 
sary as experiaMtation progressed. 

Early in the investigation it vas felt vorttehile to install 
an oil separator in the refrigerant line iaaedistely after the oo»- 
pressor I in order to eliaix^te oil in solution with the refrigeranti 
because the viscosity of Freon is affected by oil in solution ajsd is 
one of the propertiee affecting an analysis of refrigerant flow in 
capillary tubing. 

As the investigation proceeded, it vas found that aubcool- 
ing bad a aajor affect on tns refrigerant flov rate. This had been 
known froa the work of other investigatore, but tha aagnltude of the 
effect vas not realised until several runs had been made with xincon- 
troUad subcooling. The effect beoane particularly noticeable when 
the use of higher discharge pressures caused subcocllng to beooae 
excessively large when uncontrolled. The water bath, which had been 
left dry, was filled with water, and a 250-vatt laisersicm blade heater 
ccmtroUed by an iwaersion aquaatat was used to hold the water bath 
at the proper teaperature to give the desired subcooling. 

A lack of oonfomlty between the readings of th# tube out- 
let and ealorlaeter inlet thsn&ocouples, in addition to a gradual 
increase in the differential between those readings cast suspicion on 
the accuracy of thsrwocouple #28, and led to its rsplaoeaent after 
ran #9* Fortunately, the tberaocouple vas accessible without entering 



th« sealed box holding the tube, Replaceiaent was aiade with tne heaylar 
wire used everywhere else in the system except the tube proper. 

failure of some tube thermocouples to give any reading at 
all, and disagreenent among others which should nave given the same 
reading led to a complete checking of the immersion of tne reference 
jonctione for all thermocouples. Some were found to be pulled com- 
pletely out of their glass tubes, and many were s^off iciently high to 
affect their readings materially. 

Observation of an apparent pressure rise between the tube 
and the calorimeter gave rise to doubts of the accuracy of the small 
seale gage Indicating capillary outlet pressure. This gage was there- 
fore replaced by a large scale compound gage, on which tenths could 
be estimated with very good accuracy. However, the second gage seamed 
to indicate a similar pressure rise. Because of the prose of time, 
it was felt that an investigation into probable velocity effects 
because of faulty connections at th^- capillary tube would not be worth- 
while. 

Test Procedure 

All runs wore mde in essentially the same manner, differing 
mainly only in the setting of the variables. In the first runs, with 
compressor discharge pressure fixed around ICX) psig, and with eubcool- 
ing allowed to vary at random, only compressor speed and calorimeter 
load ware controlled as variables. Later, discharge pressure was 
raised to 120 psig, and subcooling was made a very strictly controlled 
variable. 

The actual procedure for obtaining data was simple but time- 

consuming; 



1. start up the e<^uip»ent and set the variables - 
2* Wait three to «ix hoxirs for the syeten to reach 
equilibrium. 

3. Record data in the for* ehoen by the sample data 
sheets for run 



Syaluation of Data 

Run #1 was in the nature of a practice run, and the data 
taken are not considered reliable. Run #7 was made with an extremely 
low celori*eter load; as a consequence the run had to be discontinued 
halfway t^irough, to avoid liquid carryover into the co^npressor suc- 
tion. Therefore, the average data tables do not show data for either 
of these two runs. 

From run through run thermocouple ^28 is known to be 
faulty; its readings are worthless for these runs. In all runs, varia 
tlon of any thermocouple from the average before flash-off Indicates 
poor imnerslon of the reference junction and a faulty reading. 

For ail runs, the tube exit preaeure reading is questionable 

During the later runs, control of the tube enti‘ance tempera- 
ture 1:^ the water bath was excellent, but the automatic discharge pres 
sure control was sometimes faulty, giving a varying tube entrance pres 
sure and a consequent varying subcooling. It was found in the last 
rune that the longer the apparatus was in operation for any run, the 
more steady the disenarge pressure became, and the more reliable the 
data for tiiat run were. 
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CaplUarj tub«: 



Condaot«r : 



Coapressort 



TEST DATA - THfl>ERATURZ8 
(Degraes P&hranhait) 



Thsraocoupla 

Inlet 1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

U 

12 

13 

U 

15 

16 

17 

18 
19 
20 , 

21 

22 

23 

24 

25 



26 

27 

Outlet 28 

RefrigeraDt in 31 

Inter out 32 

Inter In 33 

Rafrigernnt out 34 

Dlaobnrge 35 

Suction 36 

Top 41 



42 

43 
U 

45 

46 

47 

48 

49 

50 

51 

52 

Exit 53 





Run 




2 


3 


4 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


60.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.7 


80.0 


80.1 


81.1 


80.0 


77.3 


72.4 


74.9 


69.9 


68.4 


68.9 


67.3 


65.9 


65.9 


64.7 


63.5 


61.5 


62.5 


60.9 


58.9 


60.4 


58.9 


56.4 


57.8 


55.9 


54.0 


55.2 


53.1 


51.3 


52.6 


48.7 


50.2 


45.4 


46.2 


U.7 


U.2 


39.3 


36.5 


38.8 


(9.7) 


(7.0) 


(8.7) 


152.4 


130.5 


U7.3 


92.8 


91.2 


93.8 


62.6 


60.7 


56.8 


84.2 


85.3 


85.1 


174.1 


1U.9 


167.4 


100.0 


50.2 


92.3 


103.0 


13.0 


90.7 


97.2 


13.0 


84.9 


86.8 


13.0 


74.4 


68.1 


12.0 


55.4 


42.6 


12.0 


31.3 


16.3 


12.0 


13.0 


14.2 


12.0 


12.2 


14.2 


12.0 


12.0 


14.2 


12.0 


12.0 


14.2 


12.0 


12.0 


U.2 


12.0 


12.0 


14.2 


12.0 


12.0 


117.3 


16.7 


105.2 



Cnlorineter 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

12 

13 

U 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

31 

32 

33 

34 

35 

36 

41 

42 

43 

U 

45 

46 

47 

48 

49 

50 

51 

52 

53 
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TBST DATA - TPgmTURBS 
(DagTMS Fabr*nli»it) 



Sun 

6 



5 

81.8 

81.8 

81.8 

81.8 

81.8 

81.8 

81.6 

81.8 

81.8 

81.8 

81.6 

81.8 

81.8 

81.8 

81.8 

81.8 

73.3 

66.7 

63.7 
59.9 

57.2 

56.2 

52.8 

49.6 

45.4 

40.4 
(7.1) 

U 7.8 

95.1 

53.4 

86.8 

189.0 

106.9 

121.8 

116.6 

107.8 

87.8 

60.1 

26.2 

12.2 

12.5 

12.5 

12.5 

12.5 

12.5 

134.8 



6 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

78.0 

71.4 

68.6 

65.6 

63.1 

60.7 

58.7 

56.2 

52.3 

58.8 

45.4 

39.4 
(3.2) 

138.9 

94.1 

54.5 

87.1 

173.2 

65.9 

38.2 

32.9 

27.0 

14.2 

10.2 

10.2 

10.2 

10.2 

11.6 

10.2 

10.2 

11.6 

50.4 



82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

32.3 

82.3 

82.3 

82.3 

82.3 

82.3 

82.3 

77.1 

71.4 

66.2 

63.2 

61.2 

56.2 

56.3 
52.8 

58.8 

42.9 

39.0 
(-7.0) 

124.9 

92.0 

54.5 

87.1 

150.4 

50.2 

U.6 

11.6 

U.6 

10.7 

10.7 
U.6 
U.l 
U.l 

11.6 
U.l 
U.l 
U.6 

18.3 



9 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 

94.1 
^.7 
86.0 

83.2 

81.8 

79.0 

77.1 

74.7 

71.2 

69.1 

66.7 

64.6 

61.2 

56.8 

51.9 

47.1 
(0.3) 

140.8 

107.0 

58.8 

99.8 

170.9 

a .2 

18.3 

17.3 

17.7 

17.7 

17.7 

17.7 

17.7 

17.3 

17.7 

17.7 

17.7 

17.7 

22.0 



10 

88.4 

88.4 

88.4 

88.4 

88.4 

88.4 

88.4 

88.4 

88.4 

88.4 

88.4 

M .4 

88.4 

88.4 

88.4 

88.4 

81.8 

78.5 

'^.2 

72.8 

71.0 

69.0 

66.8 

64.1 

60.7 

56.7 

50.8 

( 1 . 2 ) 

151.1 

107.8 

57.8 

98.6 

184.1 

79.0 

65.0 

59.5 

51.0 

33.5 

21.2 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

74.9 



U 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

89.4 

88.5 

82.6 

78.3 

75.7 

73.2 

71.4 

69.4 

67.2 

64.4 

60.7 

56.6 

50.0 

20.8 



142.2 

106.6 

57.0 

99.3 

170.0 

47.6 

20.3 

19.9 

20.0 

19.4 

19.4 

19.4 

19.4 

19.8 

20.0 

20.0 

20.0 

20.3 



I 



20.2 
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Themocoupl® 



1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

U 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

31 

32 

33 

34 

35 

36 

41 

42 

43 

44 

45 

/.6 

47 

48 

49 

50 

51 

52 

53 



TEST DATA - TSQ^PKRATURES 
(Degrees Fahi'eoheit) 



Run 



12 


13 


14 


15 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


9:>.6 


95.2 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


95.6 


95.2 


97.0 


90.3 


95.6 


93.2 


97.0 


90.3 


95.6 


90.4 


97.0 


90.3 


93.9 


88.5 


92.3 


90.3 


88.6 


86.6 


87.5 


90.3 


86.6 


85.1 


85.8 


90.3 


- 


83.7 


84.2 


90.3 


85.8 


82.3 


82.3 


89.4 


81.7 


80.9 


80.9 


84.2 


79.7 


'■/9.O 


78.5 


79.5 


77.4 


76.2 


75.2 


76.6 


74.1 


73.8 


71.9 


73.8 


71.5 


70.0 


69.6 


72.4 


69.1 


68.1 


67.7 


70.0 


66.8 


66.0 


64.0 


68.1 


64.4 


63.2 


62.0 


65.6 


61.6 


60.7 


58.2 


62.7 


57.6 


56.8 


54.3 


58.2 


54.1 


51.9 


47.3 


50.8 


48 .8 


45.9 


18.7 


25.0 


24.6 


19.0 


150.7 


137.9 


155.4 


160.0 


109.8 


107.3 


110.5 


111.0 


56.2 


54.4 


58.8 


59.2 


100.1 


100.6 


100.6 


100.6 


188.4 


163.0 


194.3 


205.0 


92.4 


. 0 


102.6 


108.1 


90.5 


24.1 


108.0 


121.0 


82.6 


22.5 


102.0 


115.8 


73.4 


23.3 


92.6 


106.2 


55.5 


23.3 


72.7 


86.2 


33.3 


22.9 


,49.3 


61.3 


19.1 


22.9 


26.2 


29.4 


18.2 


22.9 


24.0 


18.6 


18.2 


23.3 


24.0 


18.6 


18.2 


23.3 


24.0 


18.6 


18.2 


23.3 


24.0 


18.6 


18.2 


23.3 


24.0 


18.6 


18.2 


23.3 


24.0 


18.6 


103.1 


26.8 


122.0 


133.4 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 

13 

14 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

31 

32 

33 

34 

35 

36 

U 

42 

43 

U 

45 

46 

47 

48 

49 

50 

51 

52 

53 
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TKSt D4T4 - TPtPERATUHlS 
(0«grMS Fahr9nh«it) 

Run 



16 


17 


18 


19 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


95.0 


81.3 


81.8 


80.9 


88.4 


81.3 


81.8 


80.9 


86.2 


81.3 


81.8 


80.9 


84.9 


81.3 


80.9 


80.9 


83.0 


81.3 


78.6 


80.9 


81.6 


81.3 


73.4 


80.9 


79.8 


80.5 


71.1 


80.1 


77.6 


72.2 


68.9 


73.2 


74.5 


67.5 


66.4 


67.9 


71.2 


65.6 


63.0 


64.9 


69.0 


62.8 


61.3 


63.0 


67.5 


61.2 


59.2 


61.6 


64.5 


58.9 


56.8 


59.1 


61.6 


56.0 


53.9 


56.7 


58.1 


52.9 


50.6 


52.8 


53.7 


48.9 


47.0 


59.3 


47.2 


42.5 


40.2 


43.3 


17.0 


18.2 


16.2 


19.4 


146.2 


148.4 


139.4 


149.8 


109.0 


95.1 


93.3 


95.3 


57.2 


60.0 


63.4 


60.0 


100.0 


88.1 


88.1 


88.4 


179.2 


190.3 


176.4 


190.5 


54.4 


68.1 


59.8 


94.3 


18.6 


43.6 


25.3 


90.9 


16.5 


38.4 


21.9 


84.7 


16.6 


30.5 


18.4 


73.7 


15.7 


18.7 


14.7 


52.1 


15.7 


17.5 


15.1 


33.6 


15.9 


17.5 


14.7 


19.2 


15.9 


17.5 


U.5 


18.7 


16.3 


17.5 


15.4 


18.8 


16.7 


17.5 


16.2 


18.8 


16.3 


17.5 


15.0 


18.8 


16.7 


17.5 


15.5 


18.8 


17.0 


17.5 


15.4 


18.8 


22.2 


55.3 


36.1 


107.0 
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TEST task 



Bna 



Baroa*t«r * Hg 

Reoa t«ip«nitijre *F 

•«t«r r*t« Ib/hr 

CalorlB«bar iapat vatt« 

Coaprecsor 8p««<i rpa 

Absolut* pr***ur**t p*i» 



C*loria*t«r wit 
Coiqjrossor suction 
CondsassT inlet 
CoodsDSsr outlet 
Tube inlet 
Tube outlet 



Bun 



BsfOMter * Bg 

Boob teapersture *F 

mter rete Ib/hr 

Celoriaeter Input eette 

Coapressor speed r;a 

Absolute pressures t psin 



Celoriaeter exit 
Coapressor suction 
Condenser inlet 
Condenser outlet 
Tube inlet 
Tube outlet 



2 


3 


4 


30,21 


30.32 


30.19 


79.0 


75.3 


77.0 


109,6 


97.1 


87.1 


895. 


698. 


910. 


1230. 


U90. 


1243. 


28.3 


28.2 


27.8 


28.0 


28.1 


27.4 


m.3 


113.7 


113.1 


U3.8 


112.9 


112,0 


110.8 


110.7 


110.4 


27.4 


27.6 


26.9 



5 


6 


8 


30.45 


30.U 


30.05 


75.0 


76.0 


75.5 


74.3 


70.6 


77.0 


991. 


764. 


709. 


1215. 


1216. 


1207. 


29.3 


28.6 


28.7 


29.1 


28.3 


28.2 


114.6 


115.1 


115.3 


114.0 


m.4 


1U.4 


m.3 


111.8 


112.0 


28.5 


26.5 


28.1 



Baa 



Beroaeter * Bg 

Booa twpereture *F 

Water rete IbAr 

Celoriaeter input 
Coapressor spe^ iT* 

Absolate pressures t peie 



Celoriaeter exit 
Coawessor suotioa 
Condenser inlet 
Condenser outlet 
Tube inlet 
Tube outlet 



9 


• 10 


U 


29.61 


29.54 


30.27 


78.0 


76.2 


76.0 


58.3 


66.9 


64.0 


704. 


979. 


798. 


1182. 


1213. 


1210. 


32.7 


35.0 


33.9 


32.1 


34.7 


33.2 


136.4 


135.5 


135.2 


135.4 


135.2 


134.4 


133.3 


132.9 


132.5 


32.6 


34.1 


33.1 



TEST DATA 



Run 




12 


13 


U 




** Hg 


29.47 


29. as 


29.78 


Boo« tMp«rature 


Of 


75.0 


76.9 


77.0 


la tar rata 


Ib/hr 


54.1 


62.0 


58.6 


Calorisatar input 


watts 


873. 


873. 


979. 


CcHipraaaor apaad 


rpB 


1207. 


1206. 


1211. 


ibaolttta praaauraa: 
Calorinatar exit 


pdia 


33.3 


37.0 


37.2 


Compreaaor auction 




32.7 


36.1 


37.0 


Condanaer inlet 




136.6 


137.1 


137.4 


Condenaar outlet 




136.0 


136.3 


137.1 


Tuba inlet 




134.3 


134.6 


135.2 


Tuba outlet 




32.4 


36.2 


36.2 



Run 




15 


16 


17 


Baromatar 


® Hg 


30.30 


30.31 


29.58 


Boon tenparature 


op 


77.2 


76.0 


80.8 


Ifttar rata 


Ib/hr 


58.3 


56.1 


93.0 


Calorisatar input 


watts 


980. 


703. 


835. 


Conpraaaor spaed 


rpn 


1407. 


1400. 


1401. 


Absolute praaauraa 1 
Calorinatar exit 


psia 


32.6 


31.5 


33.1 


Coapraaaor suction 




32.4 


31.4 


33.1 


Condenaar inlet 




137.9 


137.2 


116.1 


Condanaer outlet 




137.2 


137.1 


115.3 


Tube inlet 




135.4 


134.7 


112.9 


tube outlet 




31.4 


31.6 


32.1 



Run 




18 


19 


Bar one ter 


* Hg 


29.94 


29.80 


Room temperature 


Of 


81.5 


76.5 


later rate 


Ib/hr 


101.9 


95.3 


Caloriiiater input 


watts 


740. 


990. 


Conpresaor speed 


rpa 


1423. 


1420. 



Absolute pressures: psl« 



Calorineter exit 


51.1 


33.7 


Compressor auction 


31.4 


33.9 


Condenaar inlet 


115.7 


116.9 


Condenser outlet 


1U.9 


115.9 


Tuba inlet 


112.3 


113.4 


Tube outlet 


30.4 


32.9 



• 



r 



I 




SAMPLE DATA SHEET 



S0I H 5 

BaroMWrt 30.30* Uf 

Rooa t«^>eratur«t 77.2 *F 



tlM 


0 


15 


30 


Th«Tmocoapl« 


*▼ 


■T 


ar 


Capillary tuba 


1 Inlat 


1.29 


1.31 


1.31 


2 


1.29 


1.31 


1.31 


3 


1.29 


1.31 


1.31 


4 


1.30 


1.30 


1.31 


5 


1.30 


1.30 


1.31 


6 


1.30 


1.30 


1.31 


7 


1.30 


1.30 


1.31 


8 


1.29 


1.30 


1.31 


9 


1.27 


1.27 


1.25 


10 


1.20 


1.19 


1.20 


11 


1.17 


1.17 


1.16 


12 


1.13 


1.11 


1.13 


13 


1.10 


1.09 


1.10 


U 


1.08 


1.08 


1.07 


15 


1.03 


1.03 


1.03 


16 


0.99 


1.01 


0.99 


17 


0.95 


0.95 


0.95 


18 


0.90 


0.90 


0.89 


19 


0.85 


0.85 


0.84 


20 


0.76 


0.76 


O.TS 


21 


0.72 


0.72 


0.73 


22 


0.69 


0.69 


0.67 


23 


0.63 


0.64 


0.62 


24 


0.57 


0.59 


0.58 


25 


0.49 


0.49 


0.49 


26 


0.40 


0.43 


0.40 


27 


0.28 


0.28 


0.26 


28 Otttlat 


-0.30 


-0.30 


-0.31 


Condenser 


31 Raf. in 


3.U 


3.15 


3.15 


32 Watar out 


1.90 


1.90 


1.89 


33 Watar in 


0.64 


0.63 


0.63 


34 Rbf. out 


1.62 


1.63 


1.63 


Compressor 


35 Diacharga 


4.30 


4.33 


4.35 


36 Suotion 


1.81 


1.82 


1.80 



Dat*t Mareb 19, 1949 
Tuba Langthi 6 * 

Tuba dlaaetari 0.055* 



45 


60 


75 


Araraga 


■T 


*T 


mr 


mr Of 



1.30 


1,30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.30 


1.30 


1.31 


1.30 


95.2 


1.26 


1.27 


1.27 


1.26 


93.2 


1.20 


1.21 


1.20 


1.20 


90.4 


1.15 


1.17 


1.17 


1.16 


88.5 


1.11 


1.10 


1.12 


1.12 


86.6 


1.09 


1.08 


1.10 


1.09 


85.1 


1.05 


1.04 


1.06 


1.06 


83.7 


1.03 


1.02 


1.02 


1.03 


82.3 


1.00 


0.99 


0.99 


1.00 


80.9 


0.97 


0.97 


0.96 


0.96 


79.0 


0.90 


0.92 


0.91 


0.90 


76.2 


0.85 


0.86 


0.85 


0.85 


73.8 


0.79 


0.78 


0.76 


0.77 


70.0 


0.74 


0.74 


0.73 


0.73 


68.1 


0.69 


0.70 


0.68 


0.69 


66.0 


0.63 


0.65 


0.63 


0.63 


63.2 


0.58 


0.59 


0.57 


0.58 


60.7 


0.50 


0.51 


0.50 


0.50 


56.8 


0.40 


0.40 


0.40 


0.40 


51.9 


0.29 


0.29 


0.27 


0.28 


45.9 


-0.31 


-0.30 


-0.31 


-0.30 


19.0 


3.16 


3.17 


3.17 


3.15 


160.0 


1.89 


1.88 


1.88 


1.89 


111.0 


0.63 


0.63 


0.63 


0.63 


59.2 


1.63 


1.63 


1.63 


1.63 


100.6 


4.35 


4.37 


4.37 


4.35 


205.0 


1.83 


1.84 


1.82 


1.82 


108.1 
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' SAMPLE DATA SHEET 
(Continued) 



Tlu 


0 


15 


30 


45 


60 


75 


Average 


Thermocouple 

Calorijidter 


inr 


ZBV 


mv 




av 


anr 


aiv 


op 


a 


Top 


2.13 


2.12 


2.11 


2.14 


2.17 


2.15 


2.14 


121.0 


42 




2.00 


2.00 


1.99 


2.03 


2.02 


2.02 


2.01 


115.8 


43 




1.76 


1.76 


1.75 


1.79 


1.79 


1.78 


1.77 


106.2 


U 




1.26 


1.26 


1.26 


1.30 


1.30 


1.28 


1.28 


86.2 


45 




0.66 


0.64 


0.68 


0.72 


0.68 


0.67 


0.68 


61.3 


46 




-0.05 


-0.09 


-0.05 


-0.05 


-0.06 


-0.06 


-O.O6 


29.4 


47 




-0.30 


-0.30 


-0.32 


-0.32 


-0.31 


-0.33 


-0.31 


18.6 


48 




-0.32 


-0.31 


—0 . 


-0.33 


-0.31 


-0.33 


-0.31 


IS. 6 


49 




-0.32 


-0.31 


-0.32 


-0.33 


-0.31 


-0.33 


-0.31 


18.6 


50 




-0.32 


-0.31 


-0.32 


-0.33 


-0.31 


-0.33 


-0.31 


13.6 


51 




-0.32 


-0.31 


-0.32 


-0.33 


-0.31 


-0.33 


-0.31 


18.6 


52 


Bottom 


-0.32 


-0.31 


-0.52 


-0.33 


-U.3I 


-0.33 


-0.31 


13.6 


53 


Exit 


9.85 


9.69 


9.87 


9.96 


9.84 


9.84 


4)9.84 

2.46 


133.4 



Ti»« 


\Sater 


Difference 


ftater Rate 


Power 


Speed 


minutes 


I'DB 


lbs 


lb/«in 


watts 


rpm 


0 


0.9 






1010 


1404 


5 


5.9 


5.0 


1.00 


1020 


1400 


10 


10.8 


4.9 


0.98 


995 


1398 


15 


15.6 


4.8 


0.96 


1000 


1410 


20 


20.3 


4.7 


0.94 


1005 


1410 


25 


25.1 


4.8 


0.96 


1010 


1402 


30 


30.0 


4.9 


0.98 


1010 


1400 


35 


34.9 


4.9 


0.98 


1005 


lao 


40 


39.8 


^.9 


0.9 s 


1005 


1400 


45 


44.6 


4.8 


0.96 


1010 


uoo 


50 


49.5 


4.9 


0.98 


1010 


1410 


55 


54.5 


5.0 


l.QO 


1005 


1408 


60 


59.0 


4.5 


0.90 


lUlO 


1412 


65 


63.9 


4.9 


0.98 


1010 


14^2 


70 


68.6 


4.7 


0.94 


1015 


UlO 


75 


73.4 


4.8 


0.96 


1020 


1410 


30 


'/8.4 


5.0 


1.00 


1000 


1410 


85 


83.2 


4.8 


J.96 


1000 


1410 


90 


87.9 


4.7 


0.94 


1000 


1412 


Difference 


87.0 










Avara^e 








1007 




Correction 


+0.5 






-27 




ATerege 


87.5 




0.972 


930 


1407 




3 



I 






I 



SAyjPLE DATA SHEET 
(Concluded) 



RiJH #15 





Calorimeter 


Compressor 


Tlsa 


Exit 


Suction 


minutes 


psig 


peig 


0 


17.3 


17.2 


5 


17.4 


17.3 


10 


17.4 


17.2 


15 


17.3 


17.1 


20 


17.3 


17.1 


25 


17.3 


17.2 


30 


17.4 


17,3 


35 


17.6 


17.4 


40 


17.7 


17.5 


45 


.17.4 


17.2 


50 


17.2 


16.9 


55 


17.0 


16.9 


60 


17.1 


16.9 


65 


17.2 


17.1 


70 


17.3 


17.2 


75 


17.4 


17.3 


80 


17.2 


17.1 


85 


17.1 


16.9 


90 


16.8 


16.8 


Arerace 


17.3 


17.1 


Correction -K).45 


+0.44 


Gage 


17.75 


17.54 


B&roaeter 


14.88 


Ia- . 33 


Absolute 


32.63 


32.42 



Condenser Tube 



Inlet 


Outlet 


Inlet 


Outlet 


peig 


psig 


psig 


psig 


122.3 


121.9 


121.2 


16.7 


122.2 


121.8 


121.1 


Id. 7 


122.2 


121.3 


121.1 


16.4 


122.4 


122.0 


121.3 


16.3 


122.4 


122.0 


121.3 


16.4 


122.3 


121.9 


121.2 


16.7 


122 .b 


122.1 


121.3 


16.8 


122.7 


122.2 


121.5 


16.9 


122.3 


121.8 


121.1 


16.8 


122.2 


121.6 


121.1 


16.5 


122.2 


121.6 


121.0 


16.2 


122.3 


121.8 


121.1 


16.2 


122.7 


122.1 


121.3 


16.3 


122 .4 


121.9 


121.2 


16.4 


122.8 


122.0 


121.4 


16.6 


122.3 


121.8 


121.1 


16,6 


122.2 


121.6 


121.0 


16.4 


122.1 


121.3 


120.9 


16.2 


122.2 


121.6 


121.0 


16.1 


122.4 


121.3 


121.2 


16.5 




+0.53 


-0.70 


0.00 


123.00 


122.33 


120.50 


It). 50 


14.88 


14*88 


14.88 


U.88 


137.38 


137.21 


135*38 


31.38 



▼ 



I 





i 




:< 
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SAM PLE CALCULATIONS 

CTc,&+ RoLn ^15) 



Point 


’Tkrriperakxrd FVessu.rc. 


Ent’halpy 


Spec\f'»c 

Volume 




t -“F 


psia 


h~E5U>1b 


v~ftyib 


A. Calorimeter Exit 


133.4 


3Z.6 


97.45 


1.576 


B. Comprc/Ssor SucVion 108. 1 


32.4 


93.57 


1.510 


C. Condenser Inlet 


160.0 


I3T9 


98.40 


0.356 


D. Condenser Ou.tlci 


100.6 


I37.Z 


31.31 


0.0IZ7 


1. Tube Inlet" 


95. Z 


155.4 


29.98 


0.0126 


2.. Tu.be Flash-off 


95. Z 


1Z3. 1 


29.98 


0.0126 


5. Tube Outlet 


54.0 


46.4 


— 


i 


E. Colorimeter inlet 


18.6 


3Z.6 


Z9.98 




1. CALORIMETER LOAD 

= 3413 (watts input) 


+ UA(t 


room ^cal. S^eU ^ 


= 3413 


(seo) v 1.315 


( TT.e - 5E.6) 




3344.T -b 3Z.5 


33TT.O 


BTU/h»^ 





z. 


RiE.FRlOER.AMT 


MASS 


RATE 


OF flow 


/ 




‘W^ - 


Qcal 


. 


33TT 


33TT 








97.45- 29.98 


^ 6X4T 






50.05 


Ib/hr 


= 0.634 


Ib/nnno 



G Wr» 



4wr 

= lOlO Wr 



lOlO ( 0.63A^ 



6 A 2, .4 llo/ft-S€C 
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3. FRlCTlCM F^Cro^ FOR bfeCTiONi OP TM£ C^PilL-ARV 






2. »T,., V. 



3^2. Co oyy) (>3y.^- > z3.Q K4 
2/v C3.oo)C8A^2A)^ CO.Oiib) 



= 0. 00-^67 



4*. 



Reynolds number 



Rc 



4-2. 



Cx'D 



FOR SECTION 

8A-Z.4> Co.oSs) 

a.b4N0*^) 12. 



\ 

= ^.35■ K lo"* 



TO P^IKO TME FRlCTlOrvl FACTOR FOR 
SECTtora 2,-3 OF TWE CAP»l_UARV, TM E tASCE 
OM THE FOLCOWIMCi PACaE tS MAOE UR THE 

STATtOr'iS 7L, a, b, C, 3 are taken AT VARJOUS 

INCREMENTS OF LEN<aTH AUOn Ca THE TUBE PROM 
THE FLASR-OFF POINT AT 2. TO THE END OF TRE 
TUBE AT 3. THE TEMPERATURES AT THESE POINTS 
WERE TAKEN BV NieANS OF THE THERMOCOUPLES 
mounted ALONCa THE TUBE, EXCEPT AT 3, WHERE 
THE temperature was estimated 6V DRAWiNGa 
A smooth curve TMROUOH THE THERMOCOUPLE 
TEMPERATURES OVER THE LAST PART OP THE 
TUBE. this method of ESTiMAtiNCS the TUBE 
EXIT temperature is illustrated e>V THE 
SRAPH ON THE SECOND PACaE FOLX-OWINCj, 



table: n 



STATION 


L 

inches 


' t ' Vf 

1 op f^Vlb 1 


AVlb 


BTO/lb 


0> 

'-M ^ 

CD 


X 

c|ua^»^y 


V 

ftVib 




o 


1 ' 

1 95.2 O.OI25B| 


0.329 , 


29.98 


5B.23 


0.0000 


O.OI Z6 


a 


(o 


90.4- , 0.012.46 : 


0.353 1 


28.60 


ye, 96 


O.O^JOO 


aovB^ 


b 


12 . 


1 ’—i 1 

^(o.i> O.OIZ4I ^ 


0.3T3 1 


ZT 6 T 


59.56 


0.0355 


O.OZ56 


c 


i (3 


83.7_o.Oi23fc! 


0. 390 1 


2T.VT 


59 96 


0 046 T 


0.0306 


_ d 


eo 


60.9 0,01 Z32. 


, . -_j- 

o.4or 


Z<o.5Q 


1 60.39 


O.C5T6 


O.OZ>6S 


c, 


2-^ J 


Ti>.2 0.0IZ241 0.43T i 


25. 3T 


^ 6»,0tJ 


0.0451 


0.04.5ri 


f 


28 


TO.O got 2,10 


' r 

1 


23.90 


6».9Z : 


I 0.09T4' 


O.0590_ 


q 


50 


60.0 ^O.OI2£)^ 


0.512 , 


J^95 _ 


1 1 

j 62 4T 


r 

, 0. 1 U5 


O.069> 


v> 


_32^ „ 


fcO.7 ^0.01 194 


1 ■ 

0.55T 


21. T3 


^ 63.36 


O.I26T 


0.0836 


j 




51.9 ^aoiiBO 


T 

_C.44L| 


tS.'fO 


64. 2B 


O.I5T2 


2.k)_ 


3 


5fc 


54.0 |0.ou5i 


O.B4>5 1 


13.65 


66.40 


O. 208 O 


0.1913 



TME QUAuiTV And 5PE:ct?=ic vouuf^e tabul.ated 

ABOVE ARE DERWED BV llslT)\VlDOAU C AuCUL- AT VON 
FOR EACH STATION. A SANAPL.E C A u C U L. AT V ONI 
FOR STATVON 3 IS> SROW^J \N STEP 5". 
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5 /\(v\pi_E CAUtWl-ATlO M or QUAl-VTY AMD SPECiriC VOLOf^E 



^9 J _ 2.C3z.z)C'r-re) 

G* “ (ZA-Z.A-y 



0. 0T04' 



V*3, ^\r^J Cv^.)'- J X3 V Oi^ J C V^3 j)» 

. r a(0.QI\y2) . n r,-rn^ <ob <0 T _ p nTn 't ~ - r\ 

X 3 L 0.865’ ^ ^ ( 0 . 8 t» 5 ;‘ J 0.0TO4 (0.065)^ "* ^ 



X* + C0.O2.t>T+ ^^^■48e] X 3 - I 34'86> = O 

X 3 = X C-^»2.'rj'5 -+- V'Cfo.Z"t5'5)*^ +4-(l.3A-6fo) 3 

Xj = ^C.-fc 2.T55 + fc.G9l5 3 = O. eoBO 



^3 = 



■" '"> 3 . 



0 .01152. -*- 0.208 Co.BfcS) 



= OOU52 ->-0.1X36 = 0.(913 f+Vlb 



Fa*CT>ON FACTOR FOR SECTIOM 2-3 OF TRE CAPICCARY 

Tme specific volumes as foumo in Table IL 
ARE Plotted AGAifsisr lingth prom tme plasm-off 
POINT, amo tme area under tme curve is 

0 6TR»NEt> BY MeANS OF A Pu AN I f^ETER^ GIVING^ 

TME. integral f^v dL . Tme plot por xmis run 

■'i. 

IS SHOWN ON THE FOCLOWINCi RA<iE. 

V dL = ^ (Pi-pO - (Vj-Vi) 

f„, LC'^-^'^Xooifcfex)] 

= ClA4)Cl23-l -^6.4) - (.0 *9 '3-0.0(26) 

f^.j(5T.93r) = 0.5007 - o.n&T 

L - O 3220 _ 

'2-3 - 5T95 “ 



0.00555 



SPECIFIC VOLU/^E VS LEMGFN 



58 




LENSTH . .FfiQ/i\. FLASH- CtFF ImliKS 



I 



I 



\ 



f 
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T AVtRAQE FRICTIOM FACTOR FOR TUBE 

APPCYHViCi the: T^Of^eNTUt^ EQUATION WITHOUT 

the FR^CT^0^4 Factor CAcCuuAtg the pressure 

DROP WMiCR IS T>OE TO Cv\oMe.Ki TUl^ CHAf^G*E. 



^P*nom. 







~ 1-4A CS2.Z) 



(.O. 1913 



-O.OiZfe) 



ps.a 



^ Pfrict. ~ ^ )p3 ^ 

= ( 135.4- - -4.b.-9-) - 2-T4 = fol.fc)os«a 

Vav. = ^ V.) + C C V dL ) ( Li.,) 3 

= I: (o.oiz«-e) ■*■ C (tQ'Tk o.otfefoT)(^)3 

= O.OOfalO + O, OZZ34 = O. 0 2.8<4 f'4Vlb ' 



gD 

= "‘zTcTNCr 



_ 3Z.2 (0.05-3)Cfel b) \-9A 

~ b oo C2.A-)C 6*^2.^)^ (.O 0164A) 



0.00540 



I 

I 



m 

m 




BO 



TO ICUUSTRATE. TMG use OP THE. CO^ATION^ FOP, 

caucul-At I KG the. correct LGKGTH CAPiuL-/\P.V 

TuBIKlCa, THE. PO UUO W irs» Ca CON T> IT lOfsi S ARE TAH.EN 

PPOISA TEST RON ^ » 3 . 



= go.fo “F 

|D, = 134. t> psta 

V, = 0.012.48 f+*/lb 

^1, ^ ZS.TTBTUAb 

Wp ~ O.Sbb Ib/mtn 



tj = 30.fc “F 

|Oj = 48.1 psia 
Vi = 0.0U5fo W\b 
hjj = Ife.to 0TU/lb 

Q = 9T5.4 lb/f|*-S€c 



= o.e3fe f^Vib 
= 6fc.lT BTU/lb 

tj = 11.30 *F 



8. CALCULATION OF QUALITY AMO VOLUME AT TU0G EKiT 



f 




Z(3Z.Z)(7Tr8.Zfc) 

(9T5:4)i 



0.05Z53 




z r 

Xj T L 0.«5fe 



+ 0.052.53 X 3 - 0.05Z53 



Xi + [o.OZ'rfc+4.9T34^ )(j - 0.95Z3 = O 

Xj = "k C-5.0010 + V(S'.OOIO)^ + 4 (0.95Z3) 3 
X 3 = -Z [-5.0010 i-5. 3t>e4 3 = O. I63T 



Vj = Vjj -F XjVj^^ - o.oilfo + o. 1837 Co.eafe) 



O.OII b + 0. 1534 



0.lt>50 fiVlb 



! 




PftESSUQE ppop -DOE TO MOMENTUM CHANGjE. 



A JO, 




- CgT5-.A)^ 
144. (3Z.20 



Co. t<o50 - o.oizij) = 31.2, ps\a 



PAESSURE Drop out to fric.t»on 

^ PW+. = - ^Pr^or^ 

~ ClJA.fc - 4-8.1') - 31.2, = 55.3 ^S\d 

With 11.3 “F OF SOecOOUNGi ANT> WITH A 
HeAO PRESSURE OF 135 psia, THE FlASH-OFF IN 
AN ADIABATIC TUBE WILL. OCCOR AROUND ^A- 
OF THE LEfN&TH FROM THE ENTRANCE. THE SPECIFIC 
VOLUME UP TO THE FLASH- OFF POINT IS CONSTANT 
AT V,. the average specific VOLUSME AFTER Flash - 
OFF IS APPROXIMATED BV ‘i C V, -V i; V,) . 

AVERACE SPECIFIC VOLUME THROOGjM THE CAPILLARY 




0.00938 + O.OI1Z5 



O. OZOfo3 f+Vlb 










1 



62 



NOW APPUV TWE, FRICTION FACTOR 
EQUATION TO Cor^POTE. TWE CENtiTH OF 
CAPlCUftRy, USINOi THE AVERAGE VALOE OF 
FOR TWE friction FACTOR. 



\Z. LENCiTM OF CAPILCARY 



L 



Va\i 



C32 ^)Co■osy)(5y. 5 ) ( wa) 
2.4 (0.oo5r>C9r5’.4-)H0.O2^4)3; 



= 5-.9T ff. 



ERROR 



b oo-g.»r 

boo 



(100) 



0.5 Vc 



I 



0.005 




is 



7 

j« 
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DISCUSSION 



The adiabatic flow process in the capillary tube ia aora 
easily treated if we consider it to be aade up of two processes. The 
first is the isotheriBal t-urbiilent flow from tube entrance, point 1, 
to flash-off, point 2. In this section of the tube the flow follows 
the familiar Fanniag equation: 



-dp 

dL 



4f 



( 1 ) 



2g D T 

For Isotheriaal flow the Toluae ia constant. Integrating between the 
end polnta I and 2 and solwing for the friction factor giweet 

2g D (P 1 -P 2 ) 



1-2 



^ 1-2 ^ 



( 2 ) 



From the well known continuity aquation: 




Substituting this walue for V into equation (2): 



r - g P 

«2 

^h-2 ^ 



(3) 

(4) 



This equation can be used to determine friction factors from 
test data, or it can be used to predict the rate of pircasure drop for 
a given flow rate if the friction factor is known. 

In general the friction factor for this single phase flow 
is a function of the Reynolds number and tube roughness. The Reynolds 
number is given by: 



Re 



1-2 






(5) 




I 
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Substituting for V from equation (3) gives; 






G D 

Ai 



( 6 ) 



The eeond process in the tube is of a much more complicated 
natiire, being a fiaehing flow of liquid and vapor from point 2 to 
point 3f at the tube exit* Ifritiog the steady flow energy equation 
between these two points: 



Vs • 



V z 

+ — ^ + — ) + w. 



(7) 



2g J J “2-3 

For an adiabatic flow process the heat transferred between 
2 and 3 is sero, and since there is no shaft work and the tube is 
horizontal, is zero, and Z is constant* Equation (7) reduces to: 

« 2 „ 2 



7 = 



( 8 ) 



(9) 



2g J 2g J 

Again s\d>stituting the value of velocity from equation (3): 

lu 4 - ^ ^ — 

^ 2g J ^ 2g J 

Since enthalpy and specific volume are extensive properties, 

and noting that at point 2 the refrigerant is still in the liquid 

state: 



= 0 (10) 



“ “ 


g2 


2 2" 


*3 ‘^fg3 ■ \ 


2g J 


_ + ‘3 ’fSj' -Vj_ 



This is a quadratic aquation in which aay b® reariTUjgad as follows; 



X3^ + 



2v. 



2gJ b, 






;^fg3 G Tfg7 



2gJ (hf.-bfJ 



'‘3 ■ 



»fg3 



^fg3 



= 0 ( 11 ) 



For a given flow rate and set of saturated liquid conditions 
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at point 2 (the taiperature at point 2 is the same as at tube entrance), 

the quality at the tube exit (x^) iBay be exactly deterained by knoving 

the teaperature at this point, and using the tabulated values of the 

themodynamic properties of the refrigerant. It is well to note here 

that the steady flow energy equation can be equally well written between 

point 2 and any other point along the tube in the direction of flow, and 

the saae equation arrived at for deteradalng the quality. The last terw 

on the left hand side of this eQ^ 2 ation was found to be of the order of 
-5 

1 X 10 or leas, and nay be dropped from the equation. 

With determined, v^, and may be readily found by 

using 

» h^ + x^ h^ ; = v^ + x^ v.^ j etc. 

3 X 3 3 fg 3 ' 3 ^3 ^ 

ilso, if temperatures are known at intermediate points between 2 and 3 i 
similar calculations can be made for these points and the thermodynamic 
state path of the process deteraincKi. 

The flow process in section 2-3 of the capillary tube is a 
compressible flow of liquid and vapor. To develop an equation for this 
flow process, the momentum equation is applied. Consider the differ- 
ential element shown below, taken at some point along the tube between 
points 2 and 3 , in which the flashing mixture of vapor and liquid is 
flowing. 



a b 





Z 7^nr<fL 




1 ^ 


Control 




Zt prrr^ 




- — (ptdpjnr- 


1 


yolumc 






^ dL 





O/tecftcn of 
Ffou (X) 
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The moaentum equation states thats 



^ 'x>e.ntrol * /'x ‘/'x “’in 

volume 

For steady flow the first term on the right hand side of thie equa- 
tion ia aero, that is^ the Taosentua contained within the control 
volume is constant with time in a steady flow process. The momentum 
equation say then be written as: 

prrr^ - (p -Kip) rr - 2 T^rrrdl. = (12) 

The friction factor is defined as; 



f = 



2 7 






Substituting this value into (12) gives: 

-rrr^dp - 2 7rrf|v^dL = 

Using tiie value of velocity given by the continuity equation (3)» and 
1 



noting that p 



vg 

• rrr^dp - rr rf ~ TdL = — v dA - — ▼ dA 
g g D g a 



(U) 



Integrating equation (14) between the and points 2 and 3 and simplifying: 




To determine friction factors from test data, the integral 
on the left hand side of this equation must be evaluated graphically. 
That is, the quality is determined at short intervals along the tub© 
between points 2 and 3 by means of equation (li). The corresponding 
specific volumes are then readily calculated and plotted against length 
from the flash-off point, and the area under tiie cujrve obtained by 





I 

I 
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means of a planlaeter. With the intagral thus determined, the f riot ion 
factor for this section of the tube cay be readily calcuiatf^d. 

If the pressure drop due only to m<»entua change for this 
section of the tube is desired, it i&ay be computed by dropping the 
friction term from the above equation, U^t is: 

AP, = Y ~ ^2^ 

The pressure drop due to friction in the tube laay now be 
found by subtracting the pressure drop above from the total pressure 
drop through the tuba. 



APf = (Pi - P3) - APg, = AP^ ** AP, (16) 

The integrated avex^ge specific ▼olume for section 2-3 of 
the tube may be obtained from the plot described above • Since the 
specific volume for section 1-2 of the tube is ccKistant, the average 
specific volume for the entire capillary tube Is given by: 



. 4-2 



(▼1) + ^ (^2.3) 



(17) 



av. I ^ 1 ' L 

The average friction factor for the entire capillary is now 
found fro* equation (4) in the following fora: 

g D AP^ 



av* 



2 L T 



(4a) 



av 



The average friction factor for the entire capillary tube was 
found to be approximately that indicated from a plot of Reynolds niuiber 
versus friction factor for drawn brass tubing. This plot, taken from 
Technical Paper No. 409 of the Crane Company, Chicago, Illinois, is 
presented in Figure 10 on the following page. 
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The ncM&olature for the aymbole ueed in the eqtuLtione herein 
derlTod ie alao preaented on the following pages. 

i oottplete set of calculations for teat run No. r.5 hare been 
carried out in the Saaple Caloulatiooa^ and illuatratea the use of 
these eqiiationa. 
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KOMSHCLAYimg 

2 

A ~ erosa aeetlonal ara* of capillary tuba, ft. 
d - dlffaraotlal 

D - capillary tuba diaaatar, ft. 

f - frlotioB factor 

- oat forca la tha z-dlraetion, Ibe. 

( - aceelaration of gravity, 32.17 ft./aac./aao. 

G - mmeo Telocity, Ib./fta - see. 
h - enthalpy, Btu/lb. 

hg, - enthalpy of saturated liquid, Btu/lb* 

^fg eathalpy of raporisation, Btu/lb, 

J - mechanical equlTalent of heat, 778.26 fta-lb./Btu 
L - capillary tube length, ft. 

a - maae, slugs 

2 

p - pressure, lbs. /ft. 

2 

APj^ “ pressure drop due to ffioaentua changes, Ibe/ft. 

. preaBura drop due to frlctiou, Iba./ft. 

2 

Ap^ - total pressure drop, Ibe. /ft. 

^ - mass density, 3l\2gs/ft.^ 

Q - heat transfer, Btu/lb. 

r - capillary tube radius, ft. 

Re - Reynolds number 

s - entropy, Btu/lb. 

s^ - entropy of saturited liquid, Btu/lb. 

8^^ - entropy of Taporisation, Btu/lb. -®F 

t - tine, sec. 



2 

- ahMT streas at ih© tube wall, lbs. /ft, 

/4 - Tiscoaitj, Ib./ft.-aec. 

▼ - spacifio Tolusa, ft. /lb. 

3 

- specific Yoluma of saturated liquid, ft.vlb. 

^tg ^ specific Toliuia of waporiaation, ft. /lb. 

f - Telocity, ft./aeo. 

* velocity in x-dtrection, ft. /sec. 
w^ - aaas rate of flow, lb. /sec. 

*in ** *ats8 rate of flow Into the control voliae, slogs/sec. 

- sfc»ft work, Btu/lb. 

X - quality, lb. of vapor/lb. of mixture 

a - height, ft. 

Subscripts 1, 2, wad 3 refer to tube entrance, flash-off point. 



ai^ tube exit respeotlTely. 
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O^J^KAL T>prk 

riie data obtained in arcorderce with the rneihod outlined 
in ^^Details of Procedure” were recorded in a computation note- 
book and on hectopcraphed forms. The notebook and foras are 
in the possession of Professor A. L. Hesselcch^verdt of the 
Ilechanicel Engineerinc; Department. 

i 
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